The SUPERFAMILY database provides structural assignments to protein sequences and a framework for analysis of the results. At the core of the database is a library of pro®le Hidden Markov Models that represent all proteins of known structure. The library is based on the SCOP classi®cation of proteins: each model corresponds to a SCOP domain and aims to represent an entire superfamily.
INTRODUCTION
Here we give an up-to-date overview of the SUPERFAMILY database, and describe in detail a number of signi®cant developments since the ®rst publication of the method (1) and a subsequent database article (2) . The ®rst two sections provide background information for those who have no previous knowledge of the database; the remainder is devoted to new features.
The SUPERFAMILY database is based on the SCOP classi®cation of protein domains (3) . SCOP de®nes domains as independent evolutionary units of protein structure that either: occur on their own (an entire protein consisting of a single domain); combine with a group of domains that also occur on their own; or combine with at least two different domains in two separate proteins. SCOP then progressively groups domains of known 3D structure according to the nature of their similarity (sequence, evolutionary and structural). This process results in a hierarchical classi®cation with several levels. Of particular importance to SUPERFAMILY users is the superfamily (or evolutionary) level: SCOP places two domains in the same superfamily if, and only if, they share distinctive features that suggest a common evolutionary ancestor.
The principal goal of SUPERFAMILY is to identify within protein sequences domains that belong to superfamilies of known structure. To achieve this, SUPERFAMILY uses expertly built pro®le Hidden Markov Models (HMMs) (4). Pro®le HMMs are able to detect more remote homologies (5,6) than more commonly used methods such as PSI-BLAST (7), yet their application is still feasible on a genomic scale. SUPERFAMILY assignments have been carried out on most publically available protein sequences, including all sequences in the Swiss-Prot and TrEMBL databases (8) and predicted proteins from all completely sequenced genomes. All SUPERFAMILY pro®le HMMs and results are available for download.
THE SUPERFAMILY DATABASE
The database consists of three main components: a library of pro®le HMMs that represent all proteins of known structure; a collection of assignments to predicted proteins from all completely sequenced genomes and several databases of protein sequences; and a suite of services and tools, available either online or for download from our webserver. This section describes in turn all three components. models are added using a previously described procedure (1) to make sure that all superfamilies in SCOP classes a±g are covered by the library. All models are also updated with hits to the latest version of the NCBI non-redundant database and our collection of predicted proteins from completely sequenced genomes. The library in a variety of formats is available for download from the webserver along with a program for carrying out the assignment procedure (see the next section for details).
Model library

Genome assignments
Using TimeLogic DeCypher hardware, the library has been used to carry out assignments to predicted proteins from all completely sequenced genomes, the Swiss-Prot and TrEMBL databases (8) and other sequence collections (see Table 1 for details). The assignments are kept up to date with additions and improvements in the model library, changes in protein predictions and new releases of sequence databases. We estimate that the error rate of our assignments is <1%. For the purpose of large-scale genome analysis this is an acceptable level, but when examining individual cases in detail the con®dence score should be taken into account. The complete results including alignments are available from the webserver as either individual web pages for online browsing,¯at ®les or MySQL dumps for bulk download, or via a Distrubed Annotation Server (DAS, see below).
Tools and services available from the webserver
In addition to the download facilities mentioned above, the webserver at http://supfam.org provides the following services: sequence search for both amino acid and nucleotide queries; a page for viewing multiple alignments of genomic, PDB (9) and custom sequences; keyword search for models, superfamilies, organisms and individual sequences; a collection of web pages for analysis of whole-genome results; and a number of other features described below.
NEW FEATURES
Domain architectures
We have parsed all SUPERFAMILY genome assignments into simple strings that for each protein give the N-to-C sequence of its domains. The strings, which we call domain architectures, are analogous to protein sequences but the alphabet consists of SCOP superfamilies rather than amino acids. The parsing algorithm is described in detail on our web page (http://supfam.org/SUPERFAMILY/comb.html) and will be published elsewhere (C. Vogel, manuscript in preparation). The resultant data, suitable for bioinformatics research (10±12), can be downloaded as part of the relational database. Several new tools on the web interface make use of domain architectures. Starting from a superfamily of interest, users can ®nd out in which architectures it occurs, and for each architecture then determine the proteins that exhibit it. It is believed that multi-domain proteins that share the same architecture have the same or related function (13) .
We have also added a page that for each genome lists all pairs of superfamilies that occur next to each other in its domain architectures. An example of the resulting network of combinations is shown in Fig. 1 . For each pair it is again possible to determine the architectures that contain it, and for each architecture all the proteins.
Users can also remove from the initial list those pairs that are already present in proteins of known structure or which also occur in other genomes, and thereby obtain combinations whose structure is not known or which are unique to a given genome. These proteins are likely to have novel functions which may be mediated by the domain±domain interfaces, and thus present suitable targets for structural genomics.
Unusualness and comparative genomics
It is now possible to compare the domain composition of a given genome with that of other genomes and thereby detect superfamilies that are over-or under-represented. The group for comparison can consist of several prede®ned choices, such as eukaryotes or archaebacteria, or any user-de®ned set of genomes (or a single genome), e.g. other strains of the same species.
Over-represented superfamilies have typically expanded as the organism specialized for its environmental niche; e.g. in Shewanella oneidensis, a Gram-negative bacterium with diverse respiratory strategies that are of potential use in bioremediation (14) , the ®ve most unusual superfamilies include multiheme cytochromes, porins and transferrins. Proteins in these superfamilies may provide interesting targets for investigation.
Experimental pro®le±pro®le search using PRC
The current SUPERFAMILY procedure relies on comparisons of a query sequence with pro®le HMMs in our library. Recent work (15, 16) has suggested that signi®cant improvements in detection of remote homologs (and presumably also in alignment quality) can be obtained by collecting homologs of the query sequence, constructing a pro®le (or pro®le HMM) from their alignment, and comparing this pro®le (rather than the initial sequence) with the library.
We are in the process of developing a program for comparison of two pro®le HMMs called PRC. An option to In the 3 years since the original publication (1), the number of genomes has more than doubled (from 56 to 128), the number of superfamilies in SCOP has grown by almost 50% (from 859 in release 1.53 to 1232 in release 1.63) and the percentage of proteins matched and the amino acid coverage have both increased by 10% (from 49 to 59% and from 39 to 49%, respectively).
use this program appears on the results page in cases where the standard SUPERFAMILY search ®nds no signi®cant hits. The program is used in conjunction with the SAM T99 procedure (17) , which generates alignments of homologs from singlesequence inputs. PRC source code and binaries are available for download from http://supfam.org/PRC under the GNU General Public Licence.
Pro®le HMM diagrams
Each model now has a home page with a simple diagram that shows its principal features, such as amino acid composition, strongly conserved sites, hydrophobicity and regions in which insertions and deletions are common. A typical representation is shown in Fig. 2 . Software used to create the diagrams is available for download from the webserver.
Model library available in HMMER and PSI-BLAST formats
The model library is now available for download in HMMER (4) and PSI-BLAST (7) formats in addition to the recommended SAM (17) format, along with a program for carrying out the assignment procedure using the SAM and HMMER packages. The PSI-BLAST binary format is architecture dependent and our library only works on x86 and Alpha machines. The coverage of SAM and HMMER versions of the library is comparable (6), but the PSI-BLAST version detects 15% fewer remote homologs [in a SCOP all-against-all test (6), unpublished results]. The program used to convert between the formats is also available.
Distributed annotation server (DAS)
All SUPERFAMILY genome assignments are available via a protein DAS server (see http://biodas.org for more information). High-traf®c genome servers and individual users alike are invited to use this interface as a preferred way of staying up to date with changes in SUPERFAMILY annotations.
INTERPRO CONSORTIUM
SUPERFAMILY became a member database of the InterPro Consortium (18) in July 2003 (InterPro release 7.0). Starting with this release, users can run the SUPERFAMILY assignment procedure as part of InterProScan (19) . SUPERFAMILY assignments to Swiss-Prot and TrEMBL (8) are also available from the InterPro website (http://www.ebi.ac.uk/InterPro) along with annotation from other member databases. However, only 468 out of the 1232 superfamilies in SCOP 1.63 were integrated into InterPro as of the 7.0 release; both InterProScan and the InterPro website are restricted to these superfamilies. Work is underway to incorporate the rest.
Annotation of SCOP superfamilies
As part of the integration process the InterPro team are annotating SCOP superfamilies. Each superfamily is described in a short abstract that includes references to relevant literature and, wherever possible, an outline of its function. In a separate but related project, Gene Ontology (20) terms are being assigned to an increasing number of superfamilies.
To our knowledge this is the ®rst attempt to provide such information for SCOP superfamilies and should be of bene®t to all SCOP users. The annotations can be accessed from SUPERFAMILY via the InterPro link on our web pages for individual superfamilies.
CHANGE IN LICENSING
Most licensing restrictions including the fee for commercial users have been abolished, making use of the database free for all. Access to the download site is granted immediately upon completion of a registration form.
FUTURE WORK
We are planning two major improvements to SUPER-FAMILY. The ®rst, already alluded to above, is a change in the underlying method from pro®le±sequence to pro®le± pro®le. Once PRC (our program for comparison of pro®le HMMs, see above) has reached a stable release, we intend to apply the method to all completely sequenced genomes. We are hoping that this will bring the coverage of our genomic assignments to a level comparable to the best fold recognition servers, while retaining the ability to handle multi-domain proteins. Secondly, we are developing a procedure that will allow us to identify the SCOP family of a query domain in addition to its superfamily. Because many superfamilies are very divergent functionally, identi®cation of the precise function of a particular domain is often dif®cult based on its superfamily assignment alone. We believe that family-level assignments should provide a much more ®ne-grained picture. ) is the average hydrophobicity, calculated as the sum over all amino acids of match emission probability times DG surface-buried (in kcal/mol). The middle plot shows match emission probabilities. The amino acids in each column are ordered from most hydrophilic (top) to most hydrophobic (bottom). The size of each column is proportional to the difference between the match emission distribution and the generic background distribution. The columns are partitioned between amino acids according to the ratio of their probabilities; only letters larger than a threshold size are shown. The columns are aligned at the bottom of A (alanine). The bottom plot gives the probability that there is an insertion (light green) or a deletion (red) at each position in the HMM. The dark green curve gives the probability P of an insert±insert transition; assuming there is an insertion at that node, 1/(1±P) gives its expected length. The secondary structure of the fragment is readily apparent from the graph: two b sheets (periodicity two) followed by a helix (periodicity three and four).
